Three approaches were used to study hybridization of complementary oligodeoxynucleotides by nonradiative fluorescence resonance energy transfer. (i) Fluorescein (donor) and rhodamine (acceptor) were covalently attached to the 5' ends of complementary oligodeoxynucleotides of various lengths. Upon hybridization of the complementary oligodeoxynucleotides, energy transfer was detected by both a decrease in fluorescein emission intensity and an enhancement in rhodamine emission intensity. In all cases, fluorescein emission intensity was quenched by about 26% in the presence of unlabeled complement. Transfer efficiency at 50C decreased from 0.50 to 0.22 to 0.04 as the distance between donor and acceptor fluorophores in the hybrid increased from 8 to 12 to 16 nucleotides. Modeling of these hybrids as double helices showed that transfer efficiency decreased as the reciprocal of the sixth power of the donor-acceptor separation R, as predicted by theory with a corresponding Ro of 49 A. (u) Fluorescence resonance energy transfer was used to study hybridization of two fluorophore-labeled oligonucleotides to a longer, unlabeled oligodeoxynucleotide. Two 12-mers were prepared that were complementary to two adjacent sequences separated by four bases on a 29-mer. The adjacent 5' and 3' ends of the two 12-mers labeled with fluorescein and rhodamine exhibited a transfer efficiency of -0.60 at 50C when they both hybridized to the unlabeled 29-mer. (Wi) An intercalating dye, acridine orange, was used as the donor fluorophore to a single rhodamine covalently attached to the 5' end of one oligodeoxynucleotide in a 12-base-pair hybrid. Under these conditions, the transfer efficiency was =0.47 at 50C. These results establish that fluorescence modulation and nonradiative fluorescence resonance energy transfer can detect nucleic acid hybridization in solution. These techniques, with further development, may also prove useful for detecting and quantifying nucleic acid hybridization in living cells.
Fluorescence resonance energy transfer was used to study hybridization of two fluorophore-labeled oligonucleotides to a longer, unlabeled oligodeoxynucleotide. Two 12-mers were prepared that were complementary to two adjacent sequences separated by four bases on a 29-mer. The adjacent 5' and 3' ends of the two 12-mers labeled with fluorescein and rhodamine exhibited a transfer efficiency of -0.60 at 50C when they both hybridized to the unlabeled 29-mer. (Wi) An intercalating dye, acridine orange, was used as the donor fluorophore to a single rhodamine covalently attached to the 5' end of one oligodeoxynucleotide in a 12-base-pair hybrid. Under these conditions, the transfer efficiency was =0.47 at 50C. These results establish that fluorescence modulation and nonradiative fluorescence resonance energy transfer can detect nucleic acid hybridization in solution. These techniques, with further development, may also prove useful for detecting and quantifying nucleic acid hybridization in living cells.
In this paper we describe how fluorescently labeled oligodeoxynucleotides (ODNTs) and the process of nonradiative fluorescence resonance energy transfer (FRET) can be used to study nucleic acid hybridization. When two fluorophores whose excitation and emission spectra overlap are in sufficiently close proximity, the excited-state energy of the donor molecule is transferred by a resonance dipole-induced dipole interaction to the neighboring acceptor fluorophore. The results are a decrease in donor lifetime, a quenching of donor fluorescence, an enhancement of acceptor fluorescence intensity, and a depolarization of fluorescence intensity. The efficiency of energy transfer, Et, falls off rapidly with the distance between donor and acceptor molecule, R, and is expressed as Et = 1/[1 + (R/R0)6], [1] where Ro is a value that depends upon the overlap integral of the donor emission spectrum and the acceptor excitation spectrum, the index of refraction, the quantum yield of the donor, and the orientation of the donor emission and the acceptor absorbance moments (1, 2). Because of its 11R6 dependence, FRET is extremely dependent on molecular distances and has been dubbed "the spectroscopic ruler" (3).
To follow ODNT hybridization the donor and acceptor fluorophores must be sufficiently close to allow resonance energy transfer to occur. Energy transfer can typically occur up to distances of about 70 A, or about twice the helix repeat distance in base-paired nucleic acids. We have performed three types of experiments with fluorescently labeled ODNTs. In the first (Fig. la) , two short complementary sequences were labeled with appropriate donor and acceptor molecules at their 5' ends. In this case resonance energy transfer occurs only between the ends of hybridized ODNTs. The second type of experiment (Fig. lb) involved an unlabeled strand of DNA, which was allowed to hybridize to two shorter, labeled oligonucleotide sequences. Here the "adjacent" 3' and 5' ends of the shorter sequences were labeled so that FRET could occur over very short distances upon hybridization. Finally, experiments were performed with the fluorescent dye acridine orange, which intercalates into double-helical nucleic acids and can act as either a donor or acceptor molecule to an appropriate fluorophore covalently attached to a hybridized ODNT (Fig. 1c) .
We report here that FRET provides a useful means for detection of nucleic acid hybridization in solution. Using this technique, we were able to measure the resonance energy transfer efficiency of ODNT sequences of various lengths as a function of concentration and temperature. phite in the coupling reaction (4, 5). After removal of protecting groups with concentrated ammonia solution, the aminohexyl-ODNT was purified by reverse-phase HPLC.
MATERIALS AND METHODS
3'-(Aminohexylamino)-ODNTs. The 3'-end derivatization of ODNTs with an amino group is based on established chemistry for 3'-end labeling of RNA (6, 7). To adapt this chemistry for labeling DNA, synthesis of a desired ODNT sequence was carried out on 5'-dimethoxytrityl-3'(2')-acetylribonucleoside 2' (3')-linked to long-chain alkylamino controlled-pore glass support (20 pumol/g; Glen Research, Herndon, VA). After the synthesis, protecting groups were removed in concentrated ammonia. Crude ODNTs were then oxidized with periodate, reacted with 1,6-diaminohexane, and reduced with sodium cyanoborohydride (4, 7). The amino ODNTs were purified by reverse-phase HPLC since they are retarded to a significantly greater extent than underivatized ODNTs.
Attachment offluorescein and rhodamine to derivatized ODNTs. Attachment of fluorescein, using fluorescein isothiocyanate (Sigma), or tetramethylrhodamine, using tetramethylrhodamine isothiocyanate (Sigma), to the derivatized ODNT and subsequent purification were carried out according to a published procedure (4, 5).
Fluorescence Measurements. Fluorescence measurements were made at the "magic angle" in a Perkin-Elmer spectrofluorimeter (model MPF-3) equipped with a temperaturecontrolled chamber and Glan-Thompson polarizers. The excitation wavelengths used for fluorescein and acridine orange were 472 nm and 503 nm, respectively. The emission wavelengths used for fluorescein, acridine orange, and rhodamine were 517 nm, 522 nm, and 577 nm, respectively.
In a typical experiment the background fluorescence intensity of 85 pul of phosphate-buffered saline (PBS: 0.138 M NaCI/0.01 M phosphate, pH 7.2) in a 200-pul quartz cuvette (optical solution pathlength = 0.3 cm) was determined. To Acceptor-labeled ODNT was added until Et was constant.
When the intercalating dye acridine orange was used as a donor fluorophore, an unlabeled 12-mer was first added to the cuvette. Acridine orange was then added at a final concentration of 35 pug/ml. The complementary 12-mer, either unlabeled or labeled at its 5' end, was added last. Data were treated by using Eq. 2.
Most experiments were performed at 50C. Thermograms to determine the melting temperature, tm, were made by mixing the ODNTs at 60'C and slowly cooling to 00C at -30C/min.
RESULTS
Effect of Acceptor Concentration on Transfer Efficiency. To determine the maximum efficiency of transfer between donor and acceptor fluorophores attached to ODNTs, the emission spectrum of acceptor was followed as a function of increasing acceptor concentration at a fixed number ofdonor molecules. The first experiments were performed using two complementary ODNTs with donor and acceptor fluorophores attached at either end of the hybridized complex: one ODNT had fluorescein attached to its 5' end (donor), whereas the other, complementary ODNT had rhodamine attached to its 5' end (acceptor). Quenching and transfer efficiency were determined for ODNTs containing 8 nucleotides, 12 nucleotides, and 16 nucleotides. Fig. 2a shows emission spectra as a function of increasing rhodamine-linked 8-mer concentration to a fixed number of fluorescein-linked 8-mer molecules. As the amount of rhodamine-linked 8-mer was increased, there was a decrease in fluorescein emission intensity (517 nm) and an increase in rhodamine emission intensity (577 nm). Saturation ofboth the fluorescein quenching and the rhodamine enhancement was complete when the ratio of acceptor to donor exceeded 2:1. The maximum quenching of fluorescein upon saturation was 0.63 in the presence of both donor and acceptor. When the experiment was repeated with fluorescein-linked ODNT and its unlabeled complement, fluorescein emission intensity was quenched 0.26 from its maximum value with no detectable increase in intensity at 577 nm (Fig. 2b) detectable rhodamine signal (data not shown). As the temperature was lowered the fluorescein intensity decreased and the rhodamine intensity increased in a sigmoidal manner (Fig.  4) . This agreed well with the absorbance data, which showed a characteristic sigmoidal decrease in A260 with decreasing temperature (Fig. 4) (Fig. lb) . When these three strands hybridize, only four bases separate the fluorescein donor from the rhodamine acceptor. As in the previous experiment, quenching of donor fluorescence by energy transfer increased to saturation with acceptor concentration (data not shown). In these studies, two ODNTs were used: one was unlabeled and its complement was labeled with rhodamine at the 5' end. Acridine orange was added to the cuvette along with the unlabeled strand at a fixed concentration, and the rhodamine-labeled ODNT was added in various amounts. The degree of fluorescence quenching along with the enhancement of rhodamine fluorescence at 577 nm increased and then leveled off with increasing acceptor concentration (Fig. 5) . As expected, unlike the case where single donor and acceptor molecules were covalently linked to ODNTs, the degree of energy transfer was much higher when the intercalating dye was used. Under saturating conditions of acceptor concentration, the quenching of acridine orange approached 0.57 (Table 2 , line B). The amount of quenching observed with two unlabeled 12-mers was only about 0. 11, so that the resulting transfer efficiency was 0.52. This can be compared to the case of the 12-mers with fluorescein and rhodamine at their respective 5' ends, which gave a transfer efficiency of only 0.22 (Table 1) . Hence, the presence of an intercalating dye along the entire length of the ODNT enhanced the transfer efficiency by a factor of '=2 in the 12-mer.
DISCUSSION
For detecting nucleic acid hybridization, an ideal fluorescent ODNT probe would (i) be easily attached to an ODNT, (ii) be detectable at low concentrations, (iii) produce a modulated signal when the labeled ODNT hybridized to a complementary ODNT, and (iv) be stable at temperatures used in hybridizations (9, 10). In this report we have shown that nonradiative FRET provides a sensitive method for detection of binding between complementary ODNTs.
FRET has been used to quantify the distance between donor and acceptor fluorophores and accurately predicts the distance between donor and acceptor in polymers of various lengths (3). Our studies using complementary ODNTs covalently tagged with fluorescent probes indicate that this technique can be used to investigate certain physical parameters of nucleic acid hybridization. In particular, the distance between the donor and the acceptor, R, can be calculated if it is assumed that the hybridized ODNTs form a helix and if the orientation of the donor and acceptor fluorophores relative to the helical axis is known. From the transfer efficiencies in Table 1 , we have calculated the distance between the fluorescein donor and the rhodamine acceptor molecules as a function of base position by using Eq. 1.
As regards the geometry of the fluorophores relative to the helical axis, we have considered three simple models (Fig. 6) . In general, the distance between donor and acceptor can be expressed as R = {2(r + d cos sp)2{1 + cos[(AN + 1)Xw/5]} + (3.4AN + 2d sin P)2}1/2, [3] where r is the radius of the double helix (10 A), AN is the base separation (0, 1, 2, . . .), d is the length of the probe representing the six-carbon spacer and a phosphate group (=12.8 A), and sp is the angle of the spacer from the helical axis (-ir/2 c (< ff/2). Model 1 (Fig. 6) 
